In nature, organisms are exposed to chronic low-dose ultraviolet light (CLUV) as opposed to the acute high doses common to laboratory experiments. Analysis of the cellular response to acute highdose exposure has delineated the importance of direct DNA repair by the nucleotide excision repair pathway 1 and for checkpointinduced cell cycle arrest in promoting cell survival 2 . Here we examine the response of yeast cells to CLUV and identify a key role for the RAD6-RAD18-RAD5 error-free postreplication repair (RAD6 error-free PRR) pathway 3,4 in promoting cell growth and survival. We show that loss of the RAD6 error-free PRR pathway results in DNA-damage-checkpoint-induced G2 arrest in CLUV-exposed cells, whereas wild-type and nucleotide-excision-repair-deficient cells are largely unaffected. Cell cycle arrest in the absence of the RAD6 error-free PRR pathway was not caused by a repair defect or by the accumulation of ultraviolet-induced photoproducts. Notably, we observed increased replication protein A (RPA)-and Rad52-yellow fluorescent protein foci 5 in the CLUV-exposed rad18D cells and demonstrated that Rad52-mediated homologous recombination is required for the viability of the rad18D cells after release from CLUV-induced G2 arrest. These and other data presented suggest that, in response to environmental levels of ultraviolet exposure, the RAD6 error-free PRR pathway promotes replication of damaged templates without the generation of extensive single-stranded DNA regions. Thus, the error-free PRR pathway is specifically important during chronic low-dose ultraviolet exposure to prevent counter-productive DNA checkpoint activation and allow cells to proliferate normally.
. In previous studies of the cellular ultraviolet response, high-dose ultraviolet light (that is, 1 to 500 J m 22 ) was delivered within a relatively short time. However, such acute conditions are rare in environmental situations; organisms are typically exposed continuously or intermittently to very-low-dose ultraviolet light for extended periods. We explore the biological effects of continuous irradiation by low-dose ultraviolet light, using budding yeast as a model. On a sunny day, sunlight at the earth's surface equates to a dose rate of ,0.1 J m 22 min 21 from a 254 nm ultraviolet light 8, 9 . Therefore, we established CLUV irradiation conditions by exposing cells to 0.18 J m 22 min 21 ultraviolet light using 254-nm germicidal lamps. To examine cell growth, early logarithmic cells (liquid culture; 30 uC) were exposed to CLUV and samples were taken every 3 h to determine plating efficiency (Fig. 1a) . CLUV had no significant effect on growth of wild-type, homologous-recombination-deficient (rad52D), checkpoint-deficient (mec1D) or, surprisingly, NERdeficient (rad14D) cultures. In addition, base-excision-repairdeficient mutants (apn1D, apn2D, ntg1D and ntg2D) showed wildtype levels of CLUV sensitivity ( Supplementary Fig. 1 ). In contrast, a RAD6 damage-tolerance-pathway-deficient strain (rad18D) did not increase in cell number and gradually lost viability. Similar results were observed in spot assays that examined effects of longer periods of CLUV exposure (Fig. 1b) , whereas rad14D cells were hypersensitive to acute ultraviolet light (6 J m
22
) and rad18D cells were only moderately sensitive (Fig. 1b) .
Ultraviolet light generates multiple DNA lesions, including cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts 10, 11 . To establish whether rad18D CLUV hypersensitivity results from a higher load of DNA lesions, we used an immunoblot assay 12 to quantify CPDs in CLUV-exposed cells. In wild-type and rad18D cells, CPDs accumulated to relatively low levels during 9 h of CLUV exposure (Fig. 1c) . In NER-deficient (rad14D) cells, CPD concentrations increased to high levels. The dose delivered by CLUV during 9 h is ,97 J m
. Wildtype and rad18 cells accumulated damage equivalent to 2.3 J m
(delivered in 5 s, see Supplementary Fig. 2 ), confirming that they are NER-proficient. Thus, the RAD6-RAD18 pathway has an essential role in the CLUV response when NER is actively eliminating ultraviolet-induced lesions.
RAD6-RAD18 damage tolerance consists of two highly conserved mechanisms (Supplementary Table 1) 3,4,13 that allow lesion bypass by replication without lesion removal. The first, translesion DNA synthesis (TLS), requires Rad18-dependent monoubiquitination of Lys 164 of proliferating cell nuclear antigen (PCNA) and involves error-prone DNA polymerases 14, 15 . The second is error-free PRR; this is coordinated by Rad18-and Rad5-dependent polyubiquitination of PCNA Lys 164, and probably acts by means of transient templatestrand switching 14, 16, 17 . Consistently, a PCNA mutant lacking the ubiquitin attachment site (pol30(K164R)) was sensitive to CLUV exposure (Fig. 1d) . A TLS-deficient strain (tlsD, a rad30D rev3D rev1D triple mutant) did not show detectable CLUV sensitivity, whereas rad5D and ATPase-deficient rad5(K538A) mutants showed CLUV hypersensitivity equivalent to rad18D and rad6D mutants (Fig. 1d) . These indicate that error-free PRR is important for CLUV survival. Previous studies demonstrate that rad5D and pol30(K164R) are slightly less sensitive to acute ultraviolet light than rad18D 14 . The same behaviour was observed for CLUV sensitivity when cells were exposed to a much lower ultraviolet dose (,0.1 J m 22 min
21
; Supplementary  Fig. 3 ).
To analyse the role of PRR in CLUV tolerance, asynchronous wildtype, rad18D and rad5D cultures were treated with CLUV for 6 h and assayed by fluorescence-activated cell sorting. Cell cycle progression of wild-type cells was not significantly affected by CLUV exposure (Fig. 2a) . However, most rad18D and rad5D cells arrested with 2C DNA content (Fig. 2a) . More than 70% arrested as large-budded cells with one nucleus at the bud neck and a short mitotic spindle (Fig. 2b,  c ). Cdc45 and Mcm7 showed markedly reduced chromatin association in CLUV-exposed rad18D cells compared to wild-type cells ( Supplementary Fig. 4 ). These replication proteins only bind chromatin during the S and G1-S phase, respectively, but not during the G2 phase 18 . Thus, RAD6 error-free-PRR-deficient cells are arrested in the G2 phase under CLUV irradiation.
Next, cells were synchronized in G1 with a-factor and released into CLUV-exposure conditions. Most wild-type, rad18D and rad5D cells entered and completed S phase within 60 min. However, whereas LETTERS wild-type cells continued through G2/M, rad18D and rad5D cells arrested with 2C DNA content before mitosis (Fig. 2d) . Because rad18D and rad5D cells remain viable during CLUV exposure and they can resume cell cycle progression after cessation of the exposure ( Fig. 1a and Supplementary Fig. 5a ), we analysed rad18D mec1D and rad5D mec1D double mutants to establish whether G2 arrest contributed to viability. CLUV-exposed rad18D mec1D and rad5D mec1D cells did not arrest after release from G1 into CLUV ( Fig. 3a and Supplementary Fig. 5b ) and failed to form colonies ( Fig. 3b and Supplementary Fig. 5a ). To confirm that viability required G2 arrest, the double mutant and appropriate controls were arrested in G2 using nocodazole during CLUV exposure (Fig. 3c) . Most rad18D mec1D cells remained viable, confirming a critical role for G2 arrest. Because DNA-damage-checkpoint-mediated arrest is accomplished by a complex signal transduction network (ref. 19 , see also Supplementary Table 2), we tested various checkpoint mutants. Neither tel1D, mrc1D nor chk1D affected viability of CLUV-exposed rad18D cells (Fig. 3b) In contrast, rad18D rad53D and rad18D rad9D , like rad18D mec1D, reduced viability (Fig. 3b) , indicating that the Mec1-, Rad9-and Rad53-dependent damage checkpoint is activated. Similar behaviour was also observed in rad5D derivatives ( Supplementary Fig. 5a ). We next analysed Rad53 phosphorylation (Fig. 3d) . Hyperphosphorylated Rad53 was not detected in wild-type cells after 6 h of CLUV exposure. In rad18D mutants, Mec1-and Rad9-dependent hyperphosphorylated Rad53 was evident after 2 h of CLUV exposure and accumulated with exposure time (Fig. 3d) . Ddc2 (also known as Lcd2) is the Mec1 binding partner that recognizes RPA-coated single-stranded DNA (ssDNA) 20 . We observed a notable increase in Ddc2 foci after CLUV exposure of rad18D and rad5D cells (Supplementary Fig. 6 ) 21 . Thus, our results clearly indicate that the Mec1-Rad9-Rad53-dependent DNA damage checkpoint is activated by CLUV exposure in cells defective for the RAD6 error-free PRR pathway. Rad9 functions predominantly in the G1/S and G2/M checkpoints, having only a minor role in the DNA replication checkpoint 22 . This, and the lack of increased sensitivity on MRC1 deletion, supports the importance of G2 checkpoint arrest during CLUV exposure of error-free-PRR-deficient cells.
Acute high-dose ultraviolet treatments result in accumulation of ssDNA gaps when cells initiate replication [23] [24] [25] . We examined the subcellular localization of RPA-YFP 5 during CLUV exposure. Few RPA-YFP foci were observed in untreated wild-type, rad18D or rad5D cells. After 3 h of CLUV exposure, RPA-YFP foci appeared in .80% of rad18D and rad5D cells but only ,10% of wild-type cells (Supplementary Fig. 7 ). After release from G1 into CLUV conditions, rad18D, but not wild-type, cells rapidly accumulated RPA-YFP foci and arrested with budded morphology (Fig. 4a) . Thus, ssDNA gaps accumulate in CLUV-exposed rad18D cells, probably resulting in G2 arrest.
RPA-coated ssDNA gaps at stalled replication forks are competent for, and required for, homologous recombination 26, 27 . We analysed subcellular localizations of the key homologous recombination protein Rad52. Rad52 foci were significantly increased in CLUV-exposed rad18D and rad5D cells compared to the wild type ( Supplementary  Fig. 8 ), implying homologous recombination activation. RAD52 deletion caused viability loss in CLUV-exposed rad18D cells, although rad52D rad18D double mutant cells were competent for CLUV-induced G2 arrest (Fig. 4b, c and Supplementary Fig. 9 ). Interestingly, unlike rad18D single mutant cells, rad18D rad52D double mutant cells could not resume cell cycle progression after cessation of CLUV treatment ( Fig. 4d and Supplementary Fig. 10 ). These results demonstrate that rad18D rad52D cells are not checkpoint-defective, but cannot recover from CLUV-induced G2 arrest. Thus, Rad52 has a critical role in CLUV tolerance that is required for reversible G2 arrest in the absence of RAD6 error-free PRR.
The results presented here are summarized in Fig. 4e . Under CLUV conditions, most ultraviolet lesions are repaired by NER, but lesions remaining at the onset of S phase block replication fork progression. The RAD6 error-free PRR pathway promotes replication across the damaged template, probably by using the newly synthesized sister chromatid as a template. This enables cells to complete replication without ssDNA gap accumulation and to continue growth under CLUV irradiation. In error-free-PRR-deficient cells, DNA replication of the damaged template is still completed by other replication-bypass mechanisms, possibly involving re-priming downstream of the damage 25, 28 . This generates ssDNA gaps spanning the fork-blocking lesion that activate the DNA damage checkpoint and are subsequently repaired by RAD52-dependent mechanisms during the CLUVinduced cell cycle delay. The DNA damage checkpoints are critical for genome stability, allowing time for accurate DNA repair and induction of apoptosis in multicellular organisms. However, such a strategy is probably counter-productive during exposure to extremely low levels of DNA damage. Our study provides robust evidence that error-free PRR prevents disadvantageous checkpoint activation during lowdose ultraviolet light. Further studies on the biological implications of RAD6 pathway during chronic low dose damage exposure in other species will be of great interest.
METHODS SUMMARY
Standard methods were used to construct strains carrying deletion alleles or epitope-tagged proteins. To synchronize cells in G1 and G2, a-factor (10 mg ml 21 , Sigma) and nocodazole (15 mg ml
21
, Sigma) were added to cells in mid-log phase (,5 3 10 6 cells ml 21 ), respectively, and followed by incubation for 2 h at 30 uC. For CLUV irradiation, cell cultures were incubated with horizontal shaking at 30 uC under continuous exposure to 0.18 J m 22 min
. Dot blot analysis for genomic DNA with CPDs was performed as described previously 12 . Flow cytometry, western blotting and microscopic analysis were performed as described previously 29 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
